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1. INTRODUCTION 
There are several hypotheses concerning the 
mechanism initiating sporulation and germination 
in bacteria. Here an account of current knowledge 
on the subject is given and a hypothesis is sug- 
gested, according to which chemotaxis and initia- 
tion of both sporulation and germination are gov- 
erned by a common system. 
Chemotaxis and sporulation are two distinct be- 
havioral systems of the Baciflus genera. Chemo- 
taxis directs migration of cells to a favorable 
environment or away from harmful substances. 
Sporulation as a behavioral system is initiated in 
response to a deterioration of the external condi- 
tions and allows bacteria to survive during the un- 
favorable period. In the terms of chemotaxis, spo- 
rulation is a response to an increase in repellent 
concentrations or a decrease in attractant concen- 
trations. The set of chemoeffectors for taxis and 
sporulation are very similar, the most common 
being amino acids and sugars. I suggest hat the 
information concerning the outer medium 
(changes in chemoeffector concentrations) which is 
sensed by specific receptors, summed up and pro- 
cessed by the taxis system is transmitted not only 
to flagella, but to the sporulation system as well. 
Ordinarily, only the taxis system operates, but a 
certain critical increase in repellent concentration 
(or a decrease in attractant concentration) would 
trigger the sporulation system; accordingly, in- 
crease in attractant concentration would initiate 
germination. 
In analyzing the interrelationship between taxis 
and sporulation, we shall consider data obtained 
not only for Bacillus subtilis chemotaxis but also in 
studies of Escherichia coli chemotaxis, supposing 
that the mechanism of chemotaxis is basically sim- 
ilar in different bacterial species. Indeed, the main 
steps of information processing during taxis: 
reception, methylation of MCP proteins (methyl- 
accepting chemotaxis proteins), Ca2+-regulated 
flagellar reversals were found to be alike in all 
major bacterial genera [3,14,28,30,35]. 
2. EXISTING HYPOTHESES 
Among the existing hypotheses of sporulation 
[4,5,7,23,47], only the ‘adenosine polyphosphate’ 
model has not been experimentally disproved. A 
decrease in the concentration of phospho-sugars 
was proposed to lead to an increase in adenosine- 
hexa- (pppAppp) and tetra- (ppApp) phosphates 
that in turn initiate sporulation 139,401. However, 
only very high non-physiological concentrations of 
phospho-sugars (10 mM) modulated the level of 
pppAppp and ppApp. Moreover, Freese et al. 1121 
found that glycerophosphate was necessary for 
sporulation in a gol-mutant of B. subtilis. In this 
case, a-glycerophosphate actually initiated spor- 
ulation. 
Therefore, none of the main existing hypotheses 
provides a satisfactory explanation for all of the 
known facts. 
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3. A COMPARISON OF EFFECTORS FOR 
TAXIS AND SPORULATION 
It seems that the main confusion in explaining 
sporulation is that metabolism of certain chemo- 
effecters, glucose, for instance, is not necessary 
for suppressing sporulation [ 121, whereas other 
substances (i.e., malate) must be metabolised to in- 
hibit sporulation [29]. Thus, malate dehydrogenase 
mutants are resistant to suppression of sporulation 
by malate, while sporulation in phosphofructo- 
kinase mutants is effectively inhibited by glucose. 
An analogous picture is observed in chemotaxis. It 
is known that most of the effecters are sensed by 
specific chemoreceptors which are often parts of 
transport systems [ 11. Sensing of many substances, 
galactose and ribose, for instance, is irrespective of 
their transport of metabolism 1311. There are sub- 
stances, however, sensing of which requires metab- 
olism, namely the Krebs cycle acids. Thus, taxis to 
fumarate in S. typhimurium is blocked in fumarate 
reductase mutants [48]. The dependence on metab- 
olism in this case is due to the fact that fumarate is 
not sensed per se by a specific chemoreceptor, but 
rather the cells determine this substrate by register- 
ing AfiB+ that changes (increases) as a result of 
fumarate oxidation [ 13,261. B. subtilis is known to 
be especially efficient in A&+-sensing [25,32]. It is 
important to note that it is malate, a Krebs cycle 
acid, that must be metabolized in order to suppress 
sporulation. Although sensing of malate and 
glucose in sporulation differ considerably, there is 
evidence pointing to the existence of a unified in- 
formation processing pathway from these two re- 
ceptor systems. Ohne and Rutberg [29] selected a 
mutant, resistant to repression of sporulation by 
malate. This strain appeared to be insensitive to 
glucose repression as well. The rate of sporulation 
appeared to be IO-times higher in the mutant as 
compared with the wild type. It is evident that the 
lesion does not affect the biochemical mechanism 
of spore formation, since spores are still formed, 
but alters a certain step in transmitting informa- 
tion to the system of sporulation [29]. On the basis 
of my hypothesis it may be predicted that this mu- 
tant will appear to lack chemotaxis as well. 
As was mentioned previously metabolism of 
glucose and several other sugars is not necessary 
for their suppression of sporulation; the phospho- 
fructokinase mutant was suppressed by glucose 
1121. Besides, suppression of sporulation may be 
obtained with non-metabolisable analogues: (Y- 
methylglucoside and others. A similar pheno- 
menon is observed in chemotaxis [34]. Among 
amino acids, alanine is the best suppressor of spor- 
ulation [lo]; the same amino acid is the most effi- 
cient attractant of B. subtilis [33]. Non-hydro- 
lysable analogues of amino acids: norleucine and 
homoserine actively inhibit sporulation [36] and 
are potent attractants [17]. Freese and colleagues 
[ 1 l] studied the effect of various carbohydrates on 
suppressing sporulation and found that their rela- 
tive efficiency decreased in the following series: 
glucosamine > fructose > glucose > ribose > 
malate. From the data of Ordal[34] a sequence of 
relative attractant efficiency of carbohydrates may 
be derived: glucosamine > fructose > glucose. 
Unfortunately, data concerning ribose and malate 
taxis are absent. Freese and colleagues [l l] re- 
ported that mannose effectively repressed sporula- 
tion. The authors did not provide quantitative 
data, so that its place in the relative potency order 
of carbohydrates is uncertain, but it is important to 
note that mannose is an efficient attractant. 
4. BIOCHEMISTRY OF THE TAXIS AND 
SPORULATION SYSTEMS 
It is interesting to compare the biochemical 
stages of taxis (fig. 1) and sporulation. The first step 
in the chemotaxis process is binding of an attrac- 
tant (or repellent) to a corresponding receptor. The 
complex then interacts with an MCP protein 1191. 
The next event is an increase in cGMP concentra- 
tion, if attractants are added, or a decrease in 
cGMP in response to the addition of repellents [S]. 
Changes of cGMP concentrations are temporal, re- 
flecting the time course of behavioral adaptation. 
Finally, a change in free Ca*+ concentration mod- 
ulates the sense of flagellar rotation. Externally 
added Ca*+ causes a permanent repellent re- 
sponse, while depletion of Ca*+ causes a constant 
attractant response [3,28,30]. A detailed chemo- 
taxis model is given in [46]. 
The possible mechanism of reception during 
sporulation was analysed above and we shall turn 
to discuss the subsequent events, again comparing 
sporulation with chemotaxis. Addition of re- 
pellents causes a transient decrease in cGMP con- 
centration; if sporulation uses the same informa- 
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alanine + R,4$~;) 
malate - A 
Fig. 1. Diagrammatic representation of the biochemical 
steps in the induction of taxis and sporulation. 
tion processing system, it might be expected that 
spore formation will be anticipated by an increase 
in cGMP. Indeed, Setlow and Setlow [44] observed 
a decrease in cGMP level as the cells reached the 
phase of sporulation. cGMP in sporulating cells is 
maintained at a low level for a duration of time 
that is much larger than the adaptation time to 
repellents in chemotaxis. This apparent discrepan- 
cy may be explained by assuming that the popula- 
tion is heterogenic and sporulation is not initiated 
in all the cells simultaneously. 
Freese and colleagues 1221 found that sporula- 
tion was initiated upon a decrease in GTP concen- 
tration [24], whereas the level of ATP had no effect 
on sporulation. In the framework of my hypo- 
thesis, there may be two explanations of this fact. 
It is possible that the cell sensed GTP directly by a 
specific receptor, as, for instance, intercellular pH 
is sensed [18,381. However, this explanation seems 
unlikely. A simpler approach would be to consider 
that GTP is the substrate of guanylate cyclase and 
a decrease in GTP concentration will evidently 
cause a decrease in cGMP, the latter event initiat- 
ing sporulation. 
Possible versions of GTP action are given in 
fig.1. The onset of sporulation is also accompanied 
by a powerful Ca2+ inflow into the cell [8,43] that 
might be a consequence of the repellent signal 
action. 
5. MOTILE BEHAVIOR DURING SPORULA- 
TION 
Let us consider in some detail the behavior of 
bacteria at a stage immediately prior to sporula- 
tion. At log-phase, B. subtilis moves by alternating 
straight runs with short tumbles. Addition of at- 
tractants causes a temporary uniform smooth 
swimming of the population, while addition of re- 
pellents initiates transient uniform tumbling [27]. 
The tumbling rate thus reflects which signal: a 
repellent or an attractant, prevails at the moment. 
It was noticed that upon reaching the steady state 
of growth, smooth swimming becomes completely 
suppressed and cells tumble incessantly as if a 
constant repellent signal were operating (Krupnik, 
unpublished). 
Therefore, the above data are readily explained 
by and support the hypothesis of taxis-mediated 
sporulation. 
6. EFFECTORS OF TAXIS AND GERMINA- 
TION 
The process of germination has many features in 
common with taxis and I think in this case, too, 
there is a link between the two processes. 
As in the case of sporulation repression, the 
most powerful of attractants, alanine, is also most 
active in initiating germination [5 11. Proline- 
induced germination is independent of transport 
or metabolism of this amino acid [41]; Ordal has 
found that proline taxis in B. subtilis was indepen- 
dent of its transport or metabolism 1331. Rosignol 
and Vary studied the effect of non-hydrolyzable 
proline analogues on germination of B. megu- 
terium 1421, while Ordal performed an analogous 
investigation of B. subtilis taxis 1331. Unfortunately 
for the present analysis, these authors used dif- 
ferent sets of proline analogues, and only hydroxy- 
proline and D-proline do coincide. In both cases 
there was obtained the same order of relative po- 
tency of the analogues as effecters of the corre- 
sponding function: 
L-proline > hydroxyproline > D-proline. 
Germination induced by glucose was also found 
to be independent of transport or metabolism 
[37,50]. Thus, germination of mutant spores defec- 
tive for phosphofruktokinase or glucose 6-phos- 
phate dehydrogenase was normally induced by 
glucose. 
Germination could also be induced by non- 
metabolizable analogues of glucose: 2-desoxyglu- 
case, a-methylglucopyranoside, 6-desoxyglucose 
and 6-desoxymethyl-a-glucopyranoside [SO]. In the 
same study it was shown that spores do not trans- 
port glucose: active accumulation takes place only 
at the late stages of germination. 
Let us try to compare the attractant action of 
amino acids in chemotaxis with their ability to in- 
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duce germination. The values of KM for transport, 
Kd for taxis and the percent of germinated spores 
are given in table 1. The data are derived from the 
studies of Ordal[33] and Weese and Morowits [S I]. 
At a first glance, there might seem to be no cor- 
relation between the action of amino acids on the 
two functions, but a close examination reveals that 
those amino acids which are weak attractants (Kd 
> 10e4 M) do not cause germination. Next, we 
shall analyse the remaining amino acids that may 
be divided in two groups. The first includes those 
amino acids which cause taxis independently of 
their transport. Their &-I for taxis expectedly dif- 
fers from the KM for transport. The group includes 
Ala, Val, Ile, Leu, Cys and Pro, that all cause ger- 
mination. The second group represents amino 
acids that have a Kd for taxis that is close to the 
KM for transport, indicating that taxis in this case 
is probably governed by receptors that are compo- 
nents of the relative transport systems. The amino 
acids of this group (Ser, Thr, Asn) do not initiate 
germination. In the first group, the minimal 
&I& ratio is 12.5 for valine, while the maximal 
&l/KM ratio in the second group is 1: 1.7. 
It is known that transport into spores occurs 
much more slowly than transport into vegetative 
cells [4]. This is probably caused by suppression of 
transport systems in spores. Therefore, substances 
that must interact with transport systems in order 
to be sensed in chemotaxis will not be received in 
spores and thus will not be expected to initiate ger- 
mination. This logic explains why the Ser, Thr, 
Asn group does not cause germination. Hayat and 
Levinson found that malate and other Krebs cycle 
Table 1 
Comparison of K, for transport with Kd for chemotaxis and ability to induce the 
germination for amino acids by Bacillus subtilis 
Groups of 
attractants 
Amino 
acids 
KMa for Kdb for J&/K, Ability 
transport chemotaxis to induce 
germination 
Potent 
sporulation 
inducers, 
different 
taxis and 
transport 
properties 
Similar 
taxis and 
transport 
properties 
Weak 
attractants 
and sporula- 
tion inducers 
Alanine 
Proline 
Cysteine 
Leucine 
Valine 
Arginine 
Isoleucine 
Threonine 
Serine 
Asparagine 
Glycine 
Phenyl- 
alanine 
Tyrosine 
Lysine 
Aspartate 
Glutamate 
Histidine 
9 x 10-6 3.2 x lo-’ 
3.8 x 1O-6 1.0x 10-6 
3 x 10-6 1.0x 10-5 
5 x 10-6 3.2 x 1O-5 
8 x 1O-5 3.2 x lO-5 
1.7 x 10-6 1.0x 10-4 
8 x lo@ 1.0x 10-4 
10-s 5.6 x lo@ 
4 x lo-5 3.2 x 1O-5 
3 x IO-5 5.6 x lO-5 
9 x 10-6 3.2 x lO-4 
10-5 3.2 x lO-4 
2 x10-6 3.2 x 1O-4 
1.7 x 10-5 1.0x 1o-3 
2 x 10-5 1.0x lo-* 
5 x10-5 3.2 x lo-* 
n.d. n.d. 
l/28 + 
l/3.8 + 
3.3/l + 
6.4/ 1 + 
l/2.5 + 
59/ 1 n.d.c 
13/l + 
l/1.7 - 
l/l.3 - 
1.6/l 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
- 
rid. 
- 
a KM, Michaelis constant for transport 
b K,, Apparent dissociation constant for binding attractants with corresponding 
chemoreceptors during taxis 
’ n.d., Not determined 
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carboxy-acids do not induce germination [15]. It 
seems that this observation might also be ex- 
plained by considering that taxis towards malate 
requires transport, that is suppressed in spores. 
Thus, on the basis of the above analyses, it may 
be concluded that it is the chemotaxis system that 
governs the initiation of both sporulation and ger- 
mination. 
7. TAXIS AND OTHER CONTROL SYSTEMS 
The system that collects and processes informa- 
tion during taxis may also regulate other be- 
havioral systems. Indeed, since the taxis system 
regulates intercellular concentrations of Ca2+ and 
cGMP and many functions depend on these sub- 
stances, the influence of taxis upon other control 
mechanisms in a bacterial cell may appear to be 
inevitable. A list of different systems that are likely 
to be regulated by chemotaxis is given in table 2. 
Table 2 
Systems that may be regulated by chemotaxis 
Function Dependence upon 
Ca2+ cGMP 
Ref. 
Catabolite 
repression n.d.a + [21 
Sporulation +? + [8,43,441 
Germination +b _ 1151 
Cell division 
initiation n.d. + 16.161 
Gaulobacter 
morphocycle nd. + PO1 
Initiation 
of N, fixation n.d. + PII 
a n.d., Not determined 
b Addition of Ca2’ leads to inhibition of germination 
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